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RESULTSOFTHESSVELEVONGAP
HEATINGTESTSUSINGTHEO.025-SCALE

SPACESHUTTLEORBITERMODEL(94-_) IN THEAEDC/VKF
HYPERSONICWINDTUNNELB

(OH107)
by

J. R. Nakamoto
Rockwell International - ST&SGroup

ABSTRACT

This report contains post-test information for Wind Tunnel Test OH-I07.

Tests were conducted in the AEDC/VKFHypersonic Wind Tunnel B to obtain

heat-transfer rate measurementsin the elevon/elevon and elev0n/fuselage

gap areas of the Space Shuttle Orbiter. The model used for this test was

the 0.025-scale thin-sklnned heat transfer model (94-_) of the Space Shuttle

Orbiter, with elevon deflections of 0, 2, and 5 degrees. Data were obtained

at Mach 8 over a Reynolds numberrange from 0.5 x 106 to 3.7 x 106 per foot.

Angles-of-attack of 30, 35, and 40 degrees were run at yaw angles of 0 and

i degree.
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INTRODUCTION

Orbiter Heating Test 107 (OH-107) was conducted at the Arnold Engineering

Development Center (AEDC), Air Force Systems Command (AFSC), vonKarman Gas

Dynamics Facility (VKF), from January 5 to January 8, 1981. This test was

requested by the National Aeronautics and Space Administration, Johnson

Space Center (NASA/JSC) for the Rockwell International Corporation.

As part of the atmospheric flight control system, each wing of the Space

Shuttle Orbiter has two elevons on the trailing edge. Since these elevons

Must move independently, there is a gap between them, and there is also a

gap between the inboard elevon and the fuselage. During reentry flight,
%.

the pressure on the lower surface of the wing will be much higher than on the

L;pper surface. This will cause significant air flow, with attendant aero-

dynamic heating, in the gap areas. If the heat-transfer rate is very high,

it may be necessary to provide additional insulation in the gap regions to

protect the elevon structure. The purpose of this test was to obtain

heatlng-rate data in and around_these gaps. This information will be used

to evaluate insulation requirements.

The tests were conducted on the 94-_ thin-skinned Heat Transfer Model, in

the VKF Tunnel B. Tunnel conditions were set at Mach 8 over a Reynolds

number range from 0.5 x 106 to 3.7 x i0_ per foot. Model angles-of-attack

of 30, 35, and 40 degrees were run at yaw angles of 0 and i degrees. Elevon

deflection angles were set at 0, 2, and 5 degrees.



NOMENCLATURE

SYMBOL

ALPI

ALPPB

8

B

C

C_.

_e

DTW/DT

H(RTT)

H(TR)

H(TT)

M

MODEL

MU

MUTT

P

PHII

Pt

PT2

MNEMONIC

ALPHA

BETA

ELEVON

DTW/DT

HI_F

H(RTT)

H(TT)

MACH

Mu

PT

DESCRIPTION

Indicated pitch angle, deg

Angle of attack, deg

Prebend angle, de8

Angle of sideslip, deg

Model skin thickness, in.

Model material specific heat, Btu/lbm-°R

Center of Rotation

Elevon deflection angle, deg

Derivative of the model wall temperature with

respect to time, °R/sec

Reference heat transfer coefficient (see

Appendix III) -

Heat transfer coefficient based on(R)(TT)

where R is a predetermined constant,
QDOT/[ (R) (TT) - TW], BtulftZ-sec-°R

Heat transfer coefficient based on TR,

QDOT/(TR-TW), Btu/ftZ-sec-°R

Heat transfer coefficient based on TT,

QDOT/(TT-TW), Btu/ftZ-sec-°R

Free-stream Mach number

Rockwell model designation

Dynamic viscosity base 9n free-stream

temperature, Ibf-sec/ft _ .

Air viscosity based on TT, lbf-sec/ft 2

Free-stream static pressure, psia

Indicated roll angle, deg

Tunnel stilling chamber pressure, psla

Stagnation pressure downstream of a normal

shock wave, psla

%P
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NOMENCLATURE (Continued

SYMBOL

Q

QDOT

RE

RHO

RNR

RUN

STA

ST (REF)

T

TC

TI

TIME

TR

Tt

TW

V

YAW

XO

YO

MNEMONIC

Q

QDOT

RN/L

RHO

STN NO

T

T/C NO

TT

TW

V

XO

Y0

DEFINITION

Free-stream dynamic pressure, psia

Heat-transfer rate, Btu/ft2-sec

Free-stream unit Reynolds number, ft -I

Free-stream density, lbm/ft 3

Reference nose radius, ft

Data set identification number

Tunnel station, inches

Stanton number based on reference conditions

Free-stream static temperature, °R

Thermocouple identification number

Initial wall temperature before injection

into the flow, OR

Elapsed time of data collection sample, sec

Assumed recovery temperature, OR

Tunnel stilling chamber temperature, OR

Model surface temperature, OR

Free-stream velocity, ft/sec

Yaw angle, deg

Full-scale model station in axial direction

measured from reference point ahead of model,

see Fig. 2a and Table IV, in.

Full-scale model station measured from the model

centerllne in the yaw plane, see Fig. 2a and Table

IV, in.

3
Model material density, lbm/ft



REMARKS

The elevon-to-wing fit was a concern during OH-107. Considerable utili-

zation of shims (and filing) was necessary to eliminate forward-facing

steps on both the windward and leeward sides of the elevon-to-wing attach-

ments. Also, plaster on the_rlndward Junctions (elevon-to-wing) and tape

on the leeslde Junctions to prevent wind bleed-through were required.



CONFIGURATIONINVESTIGATED

In order to maximize the model scale without blocking the wind tunnel,

a partial model, with the right wing cut away, was used. During previous

tests, data were obtained to define the area which could be removed without

influencing the flow field over the remainder of the model. Blockage •

tests were also carried out to establish the maximum allowance model size.

The resulting model was the 94-@, O.025-scale version of the Space Shuttle

Orbiter.

For the present test, the 94-_ model was modified to include thln-skln areas

on and around the elevons. Photographs of the model are shown in Fig. 3

and a sketch illustrating pertinent details and dimensions is presented in

Fig. 2a. The model was constructed of 17-4 PH stainless steel and the areas

where the thermocouples were installed had a nominal skin thickness of

0.020-in. This model did not incorporate the OMS pods, body flap, or verti-

cal tail. Brackets were used to attach the elevons to the trailing edge

of the wing. Three sets of these brackets were available to provide elevon

deflection angle settings of 0-, 2-, and 5-dog.

Installation of the model in Tunnel B utilized the components shown in

Fig. 2c.
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INSTRUMENTATION
/

The instrumentation, recording devices, and cal_bration methods used to

measure the primary tunnel and test data parameters are listed in Table Va

along with the estimated measurement uncertainties. The range and estimated

uncertalnltles for primary parameters that were calculated from the measured
;

parameters are listed in Table Vb. /

tantan _The model temperatures were measured with Chromel-Cons_ thermocouples.

The thermocouple locations are shown in Fig. 2b and their coordinates and

cnrre_onding skin thicknesses are listed in Table IV.



TEST FACILITY DESCRIPTION

Tunnel B (Fig. 2d) is a closed circuit hypersonic wind tunnel with a 50-in.

diameter test section. Two axisymmetrlc contoured nozzles are available

to provide Mach numbers of 6 or 8 and the tunnel may be operated contln-

uously over a range of total pressure levels from 20 to 300 psia at Mach

number 6, and 50 to 900 psla at Mach number 8, with air supplied by the

VKF main compressor plant. Stagnation temperatures sufficient to avoid

air liquefaction in the test section (up to 1350°R) are obtained through

the use of a natural gas fired combustion heater. The entire tunnel

(throat, nozzle, test section, and diffuser) is cooled by integral, ex-

ternal water jackets. The tunnel _s equipped with a model injection system,

which allows removal of the model from the test section while the tunnel

remains in operation.

The tunnel pltch-roll sector mechanism provides the capability of obtaining

pitch angles from -15 ° to +15 ° with some restrictions due to model position

longitudinally in the test section. Roll limits are _180 °. Combinations

of roll and pitch then produce required sideslip angles.



TEST PROCEDURE

The model was mounted on a mting support mechanism in the installation

tank directly beneath the tunnel test section. The tank is separated

from the operating tunnel by'a pair of fairing doors and a safety door.

The fairing doors cover the opening to the installation tank when closed,

except for a slot for the pitch sector. The safety door provides a

pressure seal between the tunnel and installation tank.

Prior to each test run, the model temperatures were monitored to ensure

t_t they were nominally 80°F. The model was then injected at the

desired test attitude as the data acquisition sequence commenced. The

model remained on the tunnel centerline for about three seconds and was

then retracted into the installation tank. The model was then cooled

and repositloned for the next injection.

A 256-channel multiplexing analog-to-digital converter was used in con-

Junction with a Digital Equipment Corporation _ (DEC) PDP-11 computer

and a DEC-10 computer to record the temperature data. The converter

sampled the output of each thermocouple approximately 17 times per second.

A test summary showing the configurations tested and the variables for

each is presented in Table II.

I0



DATA REDUCTION

Thln-Skln Thermocouple Data

The reduction of thin skin temperature data to coefficient form

normally involves only the calorimeter heat balance for the thin skin
as follows:

QDOT - DBc DTW/DT (i)

. QDOT pBc DTW/DT
H(TR) rR-TW = TR-TW (2)

Thermal radiation and heat conduction effects on the thin-skin

element are neglected in the above relationship and the skin tempera-

ture response is assumed to be due to convective heating only. It can

be shown that for constant Tit, the following relationship is true:

([)d TR-TI DTW/DT
In _ = (3)TR-TW TR-TW

Substituting Eq. (3) in Eq. (2) and rearranging terms yields:

(4)

By assuming that the value of H(TR)/OBc is a constant it can be seen

that the derivative (or slope) must also be constant. Hence, the term

rTR-TI]

in L

is linear with time. This linearity assumes the validity of Eq. (2)

which applies for convective heating only. The evaluation of conduc-
tion effects will be discussed later.

The assumption that H(TR) and c are constant are reasonable for

this test although small variations do occur in these parameters. The

variations of H(TR) caused by changing wall temperature and by transi-

tion movement with wall temperature are trlval for the small wall

temperature changes that occur during data reduction. The value of

the model material specific heat, c, was computed by the relation

c " 0.0797 + (5.556 x IO-5)TW, (17-4 PH stainless steel) • (5)

ii



The maximum variation of c over the temperaoure range of interest was

less than 1.5 percent. Thus, the assumption of constant c used to derive

Equation 4 was reasonable. The value of density used for the 17-4 PH

stainless steel skin was p ffi490 ibm/it 3, and the skin thickness, B, for

each thermocouple is listed in Table IV.

The right side of Equation 4 was evaluated using a linear least squares

curve flt of 15 consecutive data points to determine the slope. The start

of the curve fit coincided with the model arrival on the tunnel centerline.

Fo_ each thermocouple the tabulated value of H(TR) was calculated from the

slope and the appropriate values of 0Bc; i.e.,

To investigate conduction effects a second value of H(TR) was calculated

at a time one second later. A comparison of these two values was used to

identify those thermocouplesthat were influenced by significant conduction

(or system noise). In general, conduction and/or noise effects were

found to be negligible.

Since the value of TR is not known at each thermocouple location, it has

become standard procedure to use three assumed values of TR. The assumed

values of TR are 1.0TT, 0.9TT and 0.85TT. The use of these assumed values

of TR provides an indication of the sensitivity of the heat-transfer

coefficients to the value of TR assumed. As can be noted in the tabulated

data, there are large percentage differences in the values of the heat-

transfer coefficients calculated from the three assumed values. Therefore,

12



X_

if the data are to be used for flight predictions, the value selected for

TR is obviously very important and is a function of model location and

boundary layer state.

The heat-transfer coefficient calculated from Eq. 4 was normalized using

the Fay-Riddell stagnation point coefficient, H(REF), with a reference

nose radius, RNR, of 0.025 ft. This corresponds to a nose radius of 1.0

ft. on the full-scale vehicle.

13



REFERENCE HEAT-TRANSFER COEFFICIENTS

In presenting heat-transfer coefficient results, it is convenient to use

reference coefficients to normalize the data. Equilibrium stagnation point

values derived from the work of Fay and Riddell(Reference 4) were used to

n(rmalize the data obtained in this test. These reference coefficients

are given by:

H (REF) -

p 0.25

8.17173(PT2)I/2(MUTT)0"4[I - _] [0.2235 + (1.35 x I05)(TT+560)]

(RNR)I/2(TT)0"I5

and

ST(REF) = H(REF)

(RHO)(V) [0.2235 +(1.35 x 10-5)(TT + 560)]

14
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TEST =

TABLE I

I
TEST CONDITIONS

DATE = January 1981

MACHNUMBER

_.0
I
i

_P
+_.

REYNOLDSNUMBER

(perunit length) X/O ¢,

O.S
L

|,_

Z.O

B,O
3;.7

TOTAL PRESSURE
(p0unds/sq.inch)

____0

4#;-
_$s-
_'-7o

_TAGNATIONTEMPERATURE

I

_r

I

BALANCEUTILIZED:

NF

SF

AF

PM

RM

YM

IqONF_-

CAPACITY: ACCURACY:
COEFFICIENT
TOLERANCE:

COMMENTS:

I!
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(
Theraocouple

Thermocouple
_umber

2

3
4
6
7
8

10
ii
12
13
14
15
16
17
18
19
2!
22
_3
2,1
25
26
27
28

L 0
3_
32

34
35

37
38
39
40
41
44
45
46

47
49
50
51
52
54
55
56

TABLE IV

Locations and

Model Star
XO

1426

14 58
14 94
1426
14 58
1494
1402
1460
1402
1420
1440
1460
14 02
1420
1440
1460
1420
1440

I 1460
! 1402

1420
1440
1460

1402

1438
1402

1402

1420

1420

1440
14 52
1402
1402
1420
1420
1440
14 52
1428
1428
1448

1468

1117
1193
1271
1347
12 59
1295
1331

Skin Thicknesses

ions o

¥0

134

139
144
144
149
154
282
282
292

i
1

2'J2
302

I

i

31)2
320

i
32O
330

,L
330
340
340
3O7

_P

307
316

I
316
128
134
130
136
141

141
281

Skin

Thickness.

0.0200
0.0205
0.0202
0.0203
0,0193
0.02 03

0.0208
0.0201

0.0197
0.0213
0.02 04

0.0191
0.0182
0.0217
0.0208
0.0197
0.0220
0. O204
0.0198
0.0194
0.0196
0.0190
0.02 i0

0.0192

0.0190
0.0201
0.0201
0.0201
0.0201
0.0201
0.0201
0.0201
0.0202
0.0202
0.0202
0.0202
0.0202
0.0205
0.0205
0.02 04

0.0205
0.02 50
0.0290
0.0270
0.032O
0.0290

0.0260
0.0290

in.

Refele._ced to full scale vehicle

23
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b. E_levon Sign Conventions

Figure i. (Concluded)
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Figure 2 (Concluded)
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